Introduction
Plasma-induced damage creates serious problems in the fabrication of semiconductor devices. For example, the formation of dangling bonds and lattice damage generated by plasma irradiation have resulted in the electrical characteristics of semiconductor devices being drastically degraded. The thermal annealing process is well known to effectively reduce plasma-induced damage to solve these problems [1] . In addition, we found that plasma irradiation drastically degraded the mechanical characteristics of a microelectromechanical system (MEMS), i.e., the resonant frequency (f) and mechanical quality (Q factor) of a silicon (Si) microcantilever in our previous study [2] . However, the effect of thermal annealing on the mechanical characteristics of MEMS devices with plasma-induced damage is still not clear. We investigated what effects thermal annealing, including hydrogen and high temperature rapid thermal annealing (RTA), had on the mechanical properties of a microcantilever in this study.
Experiments
The fabrication process flow for an Si microcantilever is outlined in Fig. 1 . A silicon on insulator (SOI) wafer was used to fabricate samples. The top single-crystal Si layer was etched by using a fast atom beam (FAB), and the Si substrate was etched using deep reactive ion etching (RIE). After that, the buried silicon dioxide (SiO 2 ) was removed using hydrofluoric acid (HF).Finally, a sub-10-nm thick thermal oxide was grown on the Si surface by thermal oxidation at 800°C for three hours after the RCA cleaning to remove the surface damage introduced by the FAB process. The thermal oxide was then removed by HF etching. Figure  1 (b) has a schematic of the fabricated Si microcantilever, whose thickness, width, and length correspond to 0.2, 10, and 100 μm.
Inductively-coupled plasma (ICP) was irradiated on the surface of the microcantilevers with argon (Ar) gas at room temperature (RT). Thermal annealing was conducted after Ar plasma irradiation. We used two types of thermal annealing processes, hydrogen annealing in a furnace and RTA to evaluate what effect the hydrogen-atom termination of plasma-induced damage and crystal restoration had on the mechanical characteristics of the microcantilever. Hydrogen annealing was carried out at 450°C for 30 min in a 3% hydrogen/97% nitrogen atmosphere at 1 atm. RTA was undertaken at 1000°C in a vacuum. We then measured defect density (E' center) using the electron spin resonance (ESR) and surface modulus with the nano-indentation method. The resonance frequency (f) and quality (Q) factor of the Si microcantilever were measured with a laser Doppler vibrometer. The measurements were carried out at RT in a vacuum chamber at a pressure of less than 1 mTorr. Figure 2 shows the ESR spectra of the microcantilevers before and after Ar plasma irradiation, after hydrogen annealing, and after RTA. A peak corresponding to E' center was observed for plasma irradiation, which means that the defects were generated in the microcantilevers by plasma irradiation. Conversely, after hydrogen annealing and RTA, no E' center was ever observed. This indicates that the defects induced by plasma irradiation were almost all reduced by both thermal annealing processes. Figure 3 shows the modulus depth profile of the Si surface. We found that the surface modulus was drastically decreased after plasma irradiation. This suggests that the plasma induced defects on the Si cantilever caused drastic degradation in the surface modulus. Then, the modulus was only slightly restored after hydrogen annealing even though the dangling bond density seemed to be almost eliminated in the ESR measurements. We speculated from these results that the dangling bonds of the defects could be effectively terminated with hydrogen atoms, but the Si surface modulus still could not recover sufficiently because of still breaking Si-Si bonds. Conversely, the surface modulus of silicon after RTA could be effectively restored even though it was not complete. This was considered to be due to the recovery of Si-Si bonds through RTA at 1000°C
Results and discussion
We also investigated what effect thermal annealing had on the f and Q factor of Si microcantilevers. Figure 4 plots the dependence of the f and Q factor on the plasma irradiation time and the effect of hydrogen annealing and RTA. After plasma irradiation, both the f and Q factor drastically degraded as irradiation time increased, which should have A b s t r a c t s o f t h e 2 0 1 1 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , N a g o y a , 2 0 1 1 , p p 4 2 4 -4 2 5   P -1 1 -1 1 been due to the decrease in the surface modulus of Si cantilevers by the increasing defect density. In hydrogen annealing, f was never restored and the Q factor was only slightly restored. This is because broken Si-Si bonds could not be recovered due to low annealing temperature while Si dangling bonds were just terminated with hydrogen atoms. Both f and the Q factor, on the other hand, were slightly restored after RTA, as shown in Figs. 4(b) . This suggests that the surface damaged layer changed to a different crystal structure, such as amorphous silicon even though the Si-Si bonds were recovered after RTA. As a result, we found that the plasma induced deterioration of mechanical properties could not be recovered even after RTA at 1000°C. This suggests that damage-free etching processes are essential even for MEMS devices.
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Conclusions
We investigated what effect plasma induced damage had on the mechanical properties of Si microcantilevers and what effect annealing had their recovery. After Ar plasma irradiation, defect density drastically increased and mechanical characteristics, such as the f and Q factor of Si microcantilevers, were drastically degraded. Two types of thermal annealing processes, such as hydrogen annealing at 450°C and RTA at 1000°C, could not completely restore the mechanical degradation in Si microcantilevers after plasma irradiation. We found that the plasma-induced deterioration of mechanical properties could not be recovered even after thermal annealing. This suggests that damage-free etching processes are essential even for MEMS devices. 
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